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Nuclear factor of activated T cells (NFAT) is implicated in multiple biological processes, including cytokine
gene expression, cardiac hypertrophy, and adipocyte differentiation. A conserved NFAT homology domain is
identified in all NFAT members. Dephosphorylation of the NFAT homology region is critical for NFAT nuclear
translocation and transcriptional activation. Here we demonstrate that NFATc4 is phosphorylated by p38
mitogen-activated protein (MAP) kinase but not by JNK. The p38 MAP kinase phosphorylates multiple
residues, including Ser'®® and Ser'’’, in the NFAT homology domain of NFATc4. Replacement of Ser'®%'7°
with Ala promotes nuclear localization of NFATc4 and increases NFAT-mediated transcription activity. Stable
expression of Ala'®®'7° NFATc4, but not of wild-type NFATc4, in NIH 3T3 cells promotes adipocyte formation
under differentiation conditions. Molecular analysis indicates that peroxisome proliferator-activated receptor
v2 (PPARY2) is a target of NFAT. Two distinct NFAT binding elements are located in the PPARy2 gene
promoter. Stable expression of Ala'®®'’® NFATc4, but not of wild-type NFATc4, increases the expression of
PPARYy, which contributes in part to increased adipocyte formation. Thus, NFAT regulates PPARy gene
expression and has a direct role in adipocyte differentiation.

Nuclear factor of activated T cells (NFAT) is a group of
transcription factors that was first identified to play an impor-
tant role in cytokine gene expression (22). Subsequent studies
demonstrated that NFATS are present in numerous tissues (33,
34, 40). The wide tissue distribution of the NFAT isoforms
suggests that NFAT may participate in multiple physiological
processes. Recently, NFAT activity has been implicated in
adipocyte differentiation, cardiac hypertrophy, and learning
and memory (30, 32, 41). Thus, elucidation of mechanisms that
regulate NFAT is critical for understanding these biological
processes.

Four distinct genes encoding closely related NFAT proteins
(NFATc1/NFATc/NFAT2, NFATc2/NFATp/NFAT1, NFATc3/
NFAT4/NFATX, and NFATc4/NFAT3) have been identified
(reviewed in references 18 and 47). Alternative mRNA splicing
of these four genes further generates at least 10 different
NFAT polypeptides. The function of these alternatively spliced
NFAT isoforms remains elusive. However, all NFAT members
contain a highly conserved NH,-terminal regulatory NFAT
homology domain and a COOH-terminal Rel homology region
for DNA binding. Thus, understanding the function of these
conserved domains will provide new insights on NFAT regu-
lation.

The NH,-terminal NFAT homology domain encodes several
distinct sequences, including the PXIXIT motif, the Ser-rich
region (SRR), and the Ser-Pro (SP)-rich boxes for NFAT
regulation (18, 47). These sequences are found in all NFAT
members. The PXIXIT motif is recognized by the calcineurin
phosphatase (3, 15), which dephosphorylates NFAT upon ac-
tivation. Sequestration of the calcineurin phosphatase by over-
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expression of the PXIXIT motif blocks NFAT activation. The
SRR and the SP boxes are major targets for NFAT phosphor-
ylation (4-6, 12-14, 44, 46, 58). Dephosphorylation of Ser
residues in the SRR and the SP boxes promotes nuclear local-
ization of NFAT. Thus, dephosphorylation of the NFAT ho-
mology domain, which is mediated by the calcineurin phospha-
tase, plays an important role in NFAT activation.

Once NFAT is dephosphorylated and translocated into the
nucleus, activated NFAT interacts with other transcription fac-
tors to induce gene expression. The interaction of NFAT with
Fos-Jun (AP-1 complex), GATA, and MEF2 suggests that
NFAT often functions at composite DNA elements (7, 41, 43,
54, 56). Formation of a ternary complex induces expression of
NFAT targets, such as interleukin-2 (IL-2), IL-4, IL-5, and
tumor necrosis factor alpha. However, physiological function
of NFAT in nonimmune tissues remains to be established.

Multiple protein kinases, including the mitogen-activated
protein (MAP) kinase group (ERK, JNK, and p38 kinase),
glycogen synthase kinase 3B (GSK3pB), protein kinase A
(PKA), and casein kinase la (CKla), have been shown to
phosphorylate NFAT (4, 6, 12-14, 29, 46, 58). NFAT is phos-
phorylated on multiple Ser residues located in the conserved
SRR and the SP boxes. Phosphorylation of these Ser residues
opposes nuclear localization of NFAT either by promoting
nuclear export or by impeding nuclear import. For example,
phosphorylation at Ser’® of NFATcl (6) and Ser®® of
NFATc4 (12) could be mediated by PKA. Sequence compar-
isons indicate that Ser**® of NFATcl corresponds to Ser®®® of
NFATCc4. Phosphorylation at Ser** of NFATcl promotes its
subsequent phosphorylation mediated by GSK3@, which is crit-
ical to enhance NFATcl nuclear export. Phosphorylation at
Ser®®® of NFATc4, in conjunction with phosphorylation at
Ser<’<, recruits 14-3-3, a signaling modulator, to mask the
function of an adjacent nuclear localization sequence; thus,
phosphorylated NFATc4 is located in the cytosol. Additional
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phosphorylation at other Ser residues present in the NFAT
homology domain may promote intramolecular interactions to
mask the nuclear localization sequence (6, 14, 58) or to ob-
struct calcineurin binding (12) and hence maintain NFAT in a
phosphorylated and inactive state.

The MAP kinase group of signaling proteins also phosphor-
ylates members of the NFAT family. NFATc3 was identified as
a substrate for JNK in a yeast two-hybrid assay (14). Phosphor-
ylation of Ser'®® and Ser'®® of NFATc3 by JNK opposes cal-
cineurin-mediated nuclear localization. Ser'”? of NFATcl,
which is located in a position analogous to that of Ser'® of
NFATCc3, is also phosphorylated by JNK (13, 46). Replacement
of Ser'”? with Ala, to prevent JNK phosphorylation, promotes
nuclear localization of NFATcl. Importantly, gene targeting
studies that disrupt the JNKI1 locus also promote NFATcl
nuclear localization and enhance the expression of IL-4, a
target of NFAT in T cells (21). Thus, JNK negatively regulates
NFATcl and NFATc3 but not other NFAT isoforms.

The purpose of this study was to examine the phosphoryla-
tion and function of NFATc4. Since NFATc4 is primarily ex-
pressed in nonimmune tissues and has been implicated in mul-
tiple biological processes, understanding the regulation of
NFATc4 phosphorylation is an important goal. We report that
NFATCc4 is differentially phosphorylated by MAP kinases.
Ser'®® and Ser'”” of NFATc4, which are analogously located at
Ser'”? of NFATc1 and Ser'®*'%> of NFATC3, are targets of the
p38 MAP kinase but not of the JNK MAP kinase. Replace-
ment of Ser'®® and Ser'”® with Ala promotes NFATc4 nuclear
localization and enhances NFAT-mediated transcription activ-
ity. Stable expression of Ala'®®'7® NFATc4 (but not wild-type
NFATCc4) in NIH 3T3 cells promotes adipocyte formation un-
der differentiation conditions. Molecular analysis indicates that
NFATCc4 binds to two distinct DNA elements on the peroxi-
some proliferator-activated receptor y2 (PPARY2) promoter.
Increased PPARy expression caused by NFATc4 accounts, in
part, for the increased adipocyte differentiation.

MATERIALS AND METHODS

Cell culture. BHK fibroblasts were cultured in minimal essential medium. NIH
3T3 fibroblasts and COS and 293T cells were cultured in Dulbecco modified
Eagle medium. All media were supplemented with 10% fetal calf serum, 2 mM
L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml) (Invitrogen).
Cells were transfected by using Lipofectamine (Invitrogen). The expression vec-
tors for wild-type and Ala'®®17° NFATc4 were linearized and transfected into
NIH 3T3 cells. The empty expression vector was also transfected as a control.
Three days after transfection, cells were selected in the presence of G418 (0.5
mg/ml). G418-resistant clones were pooled, from two independent transfections,
after 3 weeks of selection. G418-resistant cells were also propagated to conflu-
ence, and insulin (5 pg/ml), dexamethasone (1 M), and the phosphodiesterase
inhibitor isobutylmethylxanthine (IBMX) (0.5 mM) were administered to initiate
adipocyte differentiation. Adeno-associated virus (AAV) (Stratagene) was pro-
duced by following the manufacturer’s protocol. Subconfluent (70 to 80%) NIH
3T3 cells were infected with AAV expressing enhanced green fluorescent protein
(EGFP), NFATc4, or the NFATc4 Ala'®®!7" mutant. Infected cells were cul-
tured to confluence and subjected to adipocyte differentiation as described pre-
viously.

Reagents. The NFAT-luciferase reporter plasmid and the expression vectors
for JNK1, p38 isoforms, MLK3, MKKG6-Glu, calcineurin, and NFATc4 have been
described previously (12-15, 25, 26, 34, 53). Ala'®®!7® NFATc4 was created by
PCR and sequenced with an Applied Biosystems machine. The PPARY2 (-1 to
—1900) gene promoter was amplified from human genomic DNA and subcloned
into the basic pGL3-luciferase reporter plasmid (Promega) by using Mlul and
Xhol sites. Deletions and mutations on the PPAR«y2 promoter were generated by
PCR. Bacterially expressed NFAT proteins were purified by glutathione affinity
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chromatography as described previously (13). Monoclonal antibody M2 was
obtained from Sigma. Lipid droplets were stained with Oil red O (Sigma).

Kinase assays. Hemagglutinin epitope-tagged p38a MAP kinase and JNKI1
were coexpressed in COS cells with and without MKK6-Glu and MLK3, respec-
tively. Cell extracts were prepared with Triton-lysis buffer (20 mM Tris [pH 7.4],
137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM B-glycerophosphate, 1
mM sodium vanadate, 2 mM sodium pyrophosphate, 10% glycerol, 1 mM phe-
nylmethylsulfonyl fluoride, 10 pg of leupeptin per ml) 48 h after transfection.
Immune complex kinase assays were performed with recombinant NFATc3 and
NFATCc4 proteins (1 pg) as the substrates.

Phosphopeptide analysis. COS cells were transfected with a Flag epitope-
tagged NFAT expression vector (6 pg) and incubated for 24 h. The transfected
cells were then incubated with [3?P]phosphate (1 mCi/ml) for 5 h. The NFAT
proteins were isolated by immunoprecipitation with anti-Flag monoclonal anti-
body M2. Immunoprecipitates were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), electrotransferred to a polyvinyli-
dene difluoride membrane (Millipore), and visualized by autoradiography. The
band containing 3?P-labeled NFAT was excised from the membrane and digested
with trypsin, and the peptides obtained were examined by phosphopeptide map-
ping.

Immunofluorescence analysis. Expression plasmids for Flag-tagged NFATc4
(0.3 pg) or activated calcineurin (0.2 pg) were transfected into BHK cells.
Expression plasmids for constitutively active MKK6 (MKK6-Glu) (0.2 pg) or
dominant-negative p38a (0.2 pug) were also cotransfected as indicated. NFATc4
was detected by immunofluorescence analysis with anti-Flag monoclonal anti-
body M2 (1:500; Sigma) or NFATc4 rabbit polyclonal antibody (1:100; Affinity
Bioreagents). The secondary antibody was Texas red-conjugated anti-mouse or
anti-rabbit immunoglobulin antibody (1:100; Jackson ImmunoResearch), and
nuclei were visualized with 4',6’-diamidino-2-phenylindole (DAPI) (Sigma).

Luciferase assays. An NFAT expression vector (0.1 pg) was cotransfected with
an NFAT-luciferase reporter plasmid (0.3 pg) and the control plasmid pRSV
B-galactosidase (0.2 pg) into BHK cells. Luciferase and -galactosidase activities
were measured 48 h after transfection. Cells were stimulated with ionomycin (2
M) plus phorbol myristate acetate (PMA) (100 nM) as indicated. The data were
presented as relative luciferase activity, which was calculated as the ratio of the
luciferase activity to the activity of B-galactosidase (mean * standard error [n =
4]).

Protein immunoblotting analysis. Expression plasmids for Flag-tagged
NFATc4 (2 pg) were cotransfected with dominant-negative p38a (3 pg) into
COS cells. Transfected cells (48 h posttransfection) were treated with ionomycin
for 1 h before UV irradiation (2 min). Cell extracts were isolated in Triton-lysis
buffer after 30 min of recovery, separated by SDS-7% PAGE, and electrotrans-
ferred to a polyvinylidene difluoride membrane (Millipore). Immunoblot anal-
ysis was performed with the M2 monoclonal antibody (Sigma) and visualized by
enhanced chemiluminescence.

Semiquantitative reverse transcription-PCR (RT-PCR). Total RNA was iso-
lated from stably transfected cells after 6 days of differentiation with Trizol
reagents (Invitrogen). Isolated RNA (1 pg) was reverse transcribed with mouse
mammary tumor virus reverse transcriptase (Promega). Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (sense, 5'-CTG ACG TGC CGC CTG GAG
AAA-3"; antisense, 5'-TTG GGG GCC GAG TTG GGA TAG-3") was ampli-
fied (16, 18, 20, and 24 cycles) by PCR as a control. A normalized amount of
c¢DNA was used to determine the expression of PPARy (sense, 5'-CAC AGG
CCG AGA AGG AGA AGC-3'; antisense, 5'-AGG GAG GCC AGC ATC
GTG TAG-3'), caveolin-1 (sense, 5'-AGG CCA TGG CAG ACG AGG TG-3';
antisense, 5'-GCT GAT GCG GAT GTT GCT GAA TA-3'), and fatty acid
synthase (FAS) (sense, 5'-CCA GCC CCG ACC CAC AAC AA-3'; antisense,
5'-TAG CCC TCC CGT ACA CTC ACT CGT-3"). PCR products were sepa-
rated by agarose gel electrophoresis and transferred to a Zeta-Probe membrane
(Bio-Rad) for Southern blotting. PCR products were detected by autoradiogra-
phy and measured by PhosphorImager (Molecular Dynamics) analysis.

Gel mobility shift assays. Nuclear extracts were prepared from transfected
COS cells or differentiated 3T3-L1 adipocytes as described previously (11).
Double-stranded oligonucleotides encoding NFAT binding sites from the IL-2
gene promoter (5'-AGA AAG GAG GAA AAA CTG TTT CAT ACA GAA
GG-3') and the PPARY2 gene promoter (proximal NFAT site, 5'-GAG ACA
GTG TGG CAA TAT TTT CCC TGT AAT-3'; distal NFAT site, 5'-AGC AAG
AGA TTT AAG TTT TCC ATT TAA GAA-3") were labeled with [a-*?P]dCTP.
The binding reactions were carried out at room temperature in gel-shift buffer [1
mM CaCl,, 1 mM MgCl,, 10 mM HEPES (pH 7.9), 50 mM NaCl, 15 mM
B-mercaptoethanol, 10% glycerol, 0.1 mg of bovine serum albumin/ml, and 1 mg
of poly(dI-dC)/ml] for 30 min. Protein-DNA complexes were separated in a 5%
nondenaturing polyacrylamide gel in Tris-glycine-EDTA buffer (25 mM Tris, 200
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mM glycine, and 1 mM EDTA) and visualized by autoradiography. For compe-
tition analysis, unlabeled oligonucleotides (1, 5, and 10 pmol) were incubated
with the labeled probe before the addition of nuclear extract. For supershift
analysis, the antibody was preincubated with nuclear extract for 30 min at room
temperature before the addition of the labeled probe.

RESULTS

Differential phosphorylation of NFAT by MAP Kkinases.
Multiple protein kinases have been shown to phosphorylate
NFAT (4, 6, 12-14, 29, 46, 58). Among the protein kinases
identified, the JNK MAP kinases interact with and phosphor-
ylate NFATcl and NFATc3 (13, 14, 46). The p38 MAP kinase
phosphorylates NFATc2 (29). Phosphorylation of NFATc4,
however, remains elusive. We tested whether MAP kinases
phosphorylate NFATc4. Immune complex kinase assays were
performed with activated epitope-tagged MAP kinases. Acti-
vation of JNK1 with upstream kinase MLK3 increased
NFATc3 phosphorylation (Fig. 1A). However, only minimal
phosphorylation was detected on NFATc4. Activation of p38a
by coexpression with constitutively active MKK6 (MKK6-Glu)
increased NFATc4 phosphorylation but not NFATc3 phos-
phorylation (Fig. 1A). Activation of ERK1 by constitutively
active MEK phosphorylated NFATc3 and NFATc4. These
data indicate that NFATc3 and NFATc4 are preferentially
phosphorylated by JNK and p38a MAP kinase, respectively.

The p38 group of MAP kinase includes four different mem-
bers (p38a, p38B2, p38y, and p383). The activation of these
four p38 MAP kinase isoforms is differentially regulated (25,
26). Furthermore, the pyridinyl imidazole drug SB203580 in-
hibits the p38a and p38B2 isoforms but not the p38y and p383
isoforms (19, 26, 28, 37). To test whether these four p38§ MAP
kinase isoforms phosphorylate NFATc4, we performed im-
mune complex kinase assays. Activation of the four different
p38 MAP kinase isoforms by MKK6-Glu increased NFATc4
phosphorylation (Fig. 1B). However, NFATc3 was only weakly
phosphorylated by all four activated p38 MAP kinase isoforms.
These data further support the conclusion that JNK and p38
MAP kinases differentially phosphorylate NFATc3 and
NFATCc4, respectively.

p38a MAP kinase phosphorylates Ser'®® and Ser'’® of
NFATc4. Next, we mapped the p38a MAP kinase phosphory-
lation sites on NFATc4. Previous studies demonstrated that
the conserved NH,-terminal NFAT homology domain, espe-
cially the SRR and the SP boxes, was the primary targets of
phosphorylation (4, 6, 12-14, 29, 44, 46, 58). Ser'®® and Ser!'"°
are the most prominent sites in the SRR of NFATc4 because
similar Ser residues are found in other NFAT members (Fig.
2A). We tested whether p38a MAP kinase phosphorylates
Ser'®® and Ser'”” of NFATc4. Phosphorylation by the p38a
MAP kinase caused decreased electrophoretic mobility of
NFATc4 during SDS-PAGE (Fig. 2B). Mutational replace-
ment of Ser!®®17° with Ala eliminated the decreased electro-
phoretic mobility, although the Ala'®*!'"® NFATc4 remained
phosphorylated by the p38a MAP kinase upon activation.
These data indicate that p38a MAP kinase phosphorylates
multiple sites, including residues Ser'®® and Ser'’®, on the
NFATCc4 proteins.

To test whether Ser'®® and Ser'”® of NFATc4 were phos-
phorylated in vivo, we performed tryptic phosphopeptide anal-
ysis of [**P]phosphate-labeled wild-type and Ala'®®!"°
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FIG. 1. Differential phosphorylation of NFAT by MAP kinases.
(A) Differential phosphorylation of NFATc3 and NFATc4 by JNK1
and p38a MAP kinases. Epitope-tagged JNK1 and p38a MAP kinases
were activated by coexpression with (+) and without (—) MLK3 and
MKKO6-Glu mutant, respectively. Phosphorylation of NFATc3 and
NFATc4 by ERK MAP kinase was also shown. Immune complex
kinase assays were performed with recombinant NFATc3 and NFATc4
as the substrates. Phosphorylated NFATc3 and NFATc4 were detected
by autoradiography and quantitated by PhosphorImager analysis.
(B) All four p38 MAP kinase isoforms phosphorylate NFATc4 in vitro.
Four different p38 MAP kinase isoforms (p38a, p38B2, p38y, and
p3838) were expressed in COS cells in the presence (+) and absence
(=) of the MKK6-Glu mutant. Immune complex kinase assays were
performed with recombinant NFATc3 and NFATc4 as the substrates.
Phosphorylated NFATc4 was detected by autoradiography.

NFATc4 proteins (Fig. 2C). Tryptic digestion of the in vivo-
labeled NFATc4 proteins generated several phosphopeptides.
Replacement of Ser'®® and Ser'” with Ala caused the loss of
a phosphopeptide (Fig. 2C). These data indicate that Ser'®®
and Ser'”® of NFATc4 are phosphorylated in vivo.

Dephosphorylation causes an increase in the electrophoretic
mobility of NFAT during SDS-PAGE (12, 38). We therefore
examined the electrophoretic mobility of wild-type and
Ala'®®!7% NFATc4. Immunoblot analysis demonstrated that
Ala'®®'7" NFATc4 exhibited an increase in electrophoretic
mobility compared to the wild-type NFATc4 (Fig. 2D). Acti-
vated calcineurin dephosphorylated both wild-type and
Ala'®%17% NFATc4 and greatly increased the electrophoretic
mobility of NFATc4. Importantly, dephosphorylated wild-type
and Ala'®®'7® NFATc4 exhibited similar electrophoretic mo-
bilities. These data further indicate that Ser'®® and Ser'”° of
NFATc4 are phosphorylated in vivo.
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FIG. 2. p38a MAP kinase phosphorylates Ser'®® and Ser'”” of NFATc4. (A) Sequence comparison of the NH,-terminal phosphorylation sites
in NFAT members. Previously identified phosphorylation sites on NFATc1 (Ser'!” and Ser'”?), NFATc2 (Ser'®®), and NFATc3 (Ser'® and Ser'®)
are indicated (by a circled P below the sequence). The conserved PXIXIT motif (dark shaded box) and the SRR (light shaded boxes) are shown.
Ser'®® and Ser'”® of NFATc4 are also highlighted. (B) Ser'®® and Ser'”® of NFATc4 are phosphorylated in vitro. Immune complex kinase assays
were performed by using p38a MAP kinase activated with (+) and without (—) the MKK6-Glu mutant. Phosphorylation of recombinant NFATc4
proteins was examined. Phosphorylated NFATc4 was separated by SDS-PAGE and detected by autoradiography. (C) Ser'®® and Ser'”™ of NFATc4
are phosphorylated in vivo. Epitope-tagged wild-type and Ala'®®17* NFATc4 were expressed in COS cells. The cells were labeled with [**P]phos-
phate, and the labeled NFATc4 proteins were isolated by immunoprecipitations. The phosphorylation of NFATc4 was examined by tryptic
phosphopeptide mapping. Replacement of Ser'®® and Ser!”’ by Ala caused the loss of a phosphopeptide (arrowheads). (D) Mutational replace-
ment of Ser'® and Ser!”’ with Ala increases the electrophoretic mobility of NFATc4 during SDS-PAGE. Epitope-tagged wild-type and mutated
Ala'®®17% NFATc4 were expressed in COS cells without (—) and with (+) activated calcineurin (ACN). NFATc4 proteins were detected in

immunoblot analysis by using monoclonal antibody M2.

Mutational replacement of Ser'®®'’® with Ala promotes

NFATc4 nuclear localization and increases NFATc4-mediated
transcription activity. Phosphorylation of NFAT plays an im-
portant role in the regulation of NFAT subcellular distribu-
tion. Replacement of Ser'”? of NFATc1, Ser'®® of NFATc2, or
Ser!6%165 of NFATc3 with Ala promotes nuclear localization
(13, 14, 44, 46). Next, we examined subcellular distribution of
wild-type and Ala'®®'"® NFATc4 by using immunofluores-
cence analysis (Fig. 3A and B). Epitope-tagged wild-type and
Ala'®®!'7° NFATc4 were expressed in cells in the presence or
absence of activated calcineurin. In resting cells, wild-type
NFATc4 was located predominantly in the cytosol. Replace-
ment of Ser'®®!7° with Ala promoted nuclear localization of
NFATCc4. Coexpression of activated calcineurin caused the ma-
jority of NFATc4 to be located in the nucleus. These data
indicate that phosphorylation at Ser'®® and Ser'”” regulates the
subcellular distribution of NFATc4.

To examine whether nuclear NFATc4 mediates transcrip-
tion activity, we performed transfection assays with an NFAT
reporter plasmid. The expression of Ala'®®'”® NFATc4 in-
creased NFAT-mediated transcription compared to wild-type
NFATc4 (Fig. 3C). Stimulation of transfected cells with PMA

and calcium ionophore ionomycin further increased transcrip-
tion mediated by NFATc4. Together, these data indicate that
replacement of Ser'®®'7® with Ala of NFATc4 promotes nu-
clear localization and increases NFAT-mediated transcription
activity.

p38a MAP kinase regulates NFATc4 phosphorylation and
nuclear localization. In vitro phosphorylation by p38 MAP
kinases decreased NFATc4 electrophoretic mobility during
SDS-PAGE (Fig. 2B). Conversely, dephosphorylation medi-
ated by the calcineurin phosphatase or replacement of
Ser'®®170 by Ala, to prevent phosphorylation, increased
NFATc4 electrophoretic mobility (Fig. 2D). These data indi-
cate that the electrophoretic mobility of NFATc4 mirrors
NFAT phosphorylation. To examine in vivo phosphorylation
of NFATc4 by p38 MAP kinases, we expressed NFATc4 in the
presence or absence of dominant-negative p38a (Fig. 4A).
Transfected cells were irradiated with UV to activate endoge-
nous p38 MAP kinases and to stimulate NFATc4 phosphory-
lation. Phosphorylated NFATc4 was separated by SDS-PAGE
to determine electrophoretic mobility. Coexpression with dom-
inant-negative p38a did not affect the electrophoretic mobility
of NFATc4. UV irradiation slightly decreased the electro-
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with Ala promotes NFATc4 nuclear localization and increases NFAT-mediated transcription

activity. (A and B) Epitope-tagged wild-type and Ala'®*'7® NFATc4 proteins were expressed in BHK cells and detected by immunofluorescence
microscopy with monoclonal antibody M2. The subcellular distribution of NFATc4 was examined in the presence and absence of activated
calcineurin (ACN). The images of representative cells are illustrated (A). The nuclei (blue) of transfected cells expressing NFATc4 (red) are
indicated with arrowheads. The percentage of cells with NFATc4 in the nucleus (n = 300) is also presented (B). (C) BHK cells were transfected
with an NFAT-luciferase reporter plasmid together with an expression vector for wild-type or Ala'®*'7® NFATc4. The cells were stimulated without
(control) and with PMA (P) (100 nM) plus ionomycin (I) (2 M) for 16 h before harvest. P values are in comparison with unstimulated

NFATc4-mediated transcription activity.

phoretic mobility of NFATc4 under unstimulated conditions
(Fig. 4A). These data indicate that NFATc4 is phosphorylated
under unstimulated conditions.

To further examine NFATc4 phosphorylation, calcium iono-
phore ionomycin was administered to dephosphorylate
NFATc4 prior to UV irradiation (Fig. 4A). Treatment with
ionomycin greatly increased the electrophoretic mobility of
NFATc4 (Fig. 4A). The slower migrating hyperphosphorylated
(i.e., higher apparent molecular weight) NFATc4 was dephos-
phorylated and became a faster migrating hypophosphorylated
form (i.e., lower apparent molecular weight). UV irradiation
promoted a conversion of the faster migrating hypophosphor-
ylated NFATc4 to a slower migrating hyperphosphorylated
form, even in the presence of ionomycin stimulation. Impor-
tantly, UV irradiation further decreased the electrophoretic
mobility of both hypophosphorylated and hyperphosphory-
lated NFATc4 (Fig. 4A). The decrease in electrophoretic mo-
bility of the hypophosphorylated NFATc4 was blocked by co-
expression with the dominant-negative p38c. In addition, the
faster migrating hypophosphorylated NFATc4 did not revert
to the hyperphosphorylated form in the presence of the dom-
inant-negative p38a. Together, these data indicate that p38
MAP kinases phosphorylate NFATc4 and decrease NFATc4
electrophoretic mobility in SDS-PAGE.

Next, we examined the electrophoretic mobility of Ala
NFATc4 upon UV irradiation (Fig. 4A). The NFATc4
Ala'®®7 mutant has increased electrophoretic mobility com-
pared to wild-type NFATc4. In the presence or absence of
ionomycin, UV irradiation slightly decreased Ala'®%!'"°
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NFATCc4 electrophoretic mobility (Fig. 4A). Unlike the wild-
type NFATc4, UV irradiation did not revert the faster migrat-
ing hypophosphorylated Ala'®®'”® NFATc4 to the slower mi-
grating hyperphosphorylated form. The predominance of the
faster migrating hypophosphorylated Ala'®®'”® NFATc4 upon
costimulation with ionomycin and UV irradiation recapitu-
lated the inhibition by coexpression of the dominant-negative
p38a. These data further indicate the importance of phosphor-
ylation at Ser'®®'7° in NFATc4.

Phosphorylation at Ser'®®!7 regulated the subcellular dis-
tribution of NFATc4 (Fig. 3). We further performed immuno-
fluorescence to examine whether activation of p38 MAP ki-
nases affects NFATc4 nuclear localization (Fig. 4B). NFATc4
was expressed in cells in the presence or absence of MKK6-Glu
or dominant-negative p38a. Coexpression with MKK6-Glu or
dominant-negative p38a did not affect NFATc4 subcellular
distribution. Stimulation with ionomycin increased NFATc4
nuclear localization. Coexpression with MKK6-Glu, however,
opposed nuclear accumulation of NFATc4 under ionomycin
stimulation. Coexpression of the dominant-negative p38a did
not affect the subcellular distribution of NFATc4 in the pres-
ence or absence of ionomycin. Together, these data indicate
that p38 MAP kinases phosphorylate NFATc4 and oppose
NFATc4 nuclear localization.

NIH 3T3 cells stably expressing Ala'®®'7° NFATc4 exhibit
adipocyte formation. Previous studies indicate that certain fi-
broblastic cell lines can be differentiated into adipocytes under
appropriate hormonal stimuli and/or treatment of pharmaco-
logical agents (reviewed in references 17, 39, and 49). For
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FIG. 4. p38a MAP kinase regulates NFATc4 phosphorylation and nuclear localization. (A) Phosphorylation of NFATc4 by p38 MAP kinases
in vivo. NFATc4 and Ala'®*!'7" NFATc4 were coexpressed without (—) or with (+) dominant-negative p38a (dn-p38a) in COS cells. Transfected
cells were treated without (—) or with (+) ionomycin (Ion) to generate hyperphosphorylated (hyper-P) (filled arrow) and hypophosphorylated
(hypo-P) (open arrow) NFATc4. After 1 h of ionomycin treatment, cells were irradiated (+) or not (—) with UV for 2 min. After a 30-min recovery,
cell extracts were harvested and examined by immunoblotting analysis with M2 monoclonal antibody. A decrease in the electrophoretic mobility
of NFATc4 was indicated (filled and open arrowheads). (B) Expression plasmids for NFATc4 were cotransfected with or without MKK6-Glu or
dominant-negative p38a (dn-p38a) into BHK cells. The subcellular distribution of NFATc4 was examined in the presence and absence of
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example, treatment of confluent 3T3-L1 fibroblasts with insu-
lin, dexamethasone, and the phosphodiesterase inhibitor
IBMX induces adipocyte differentiation (31). Alternatively,
overexpression of transcription factors, such as members of the
CCAAT enhancer binding protein (C/EBP) or PPARY, pro-
motes adipocyte differentiation from NIH 3T3 cells (8, 9),
which in general do not exhibit adipocyte phenotypes under
treatment with insulin, dexamethasone, and IBMX. Since the
calcineurin-NFAT signaling pathway has been implicated in
adipogenesis in studies using the drug cyclosporine (CsA) (32),
we examined whether NFAT has a direct role in adipogenesis
by using the stably transfected NIH 3T3 fibroblasts. Confluent
NIH 3T3 cells were treated with insulin, dexamethasone, and
IBMX to induce adipocyte formation (Fig. SA). Control cells
cultured in the differentiation media did not induce adipocyte
formation. These observations are in agreement with previous
reports that NIH 3T3 cells in general did not differentiate into
adipocytes. Constitutive expression of wild-type NFATc4 also
did not induce adipocyte formation. However, treatment with
insulin, dexamethasone, and IBMX induced accumulation of
shiny vacuoles in NIH 3T3 cells that constitutively express
Ala'®®!""" NFATc4 (Fig. 5A). In addition, the elongated shapes
of Ala'®®'7® NFATc4 NIH 3T3 fibroblasts were altered and
became round upon differentiation. These morphological
changes resemble those that occur during adipocyte differen-
tiation. Together, these data indicate that in the presence of
insulin, dexamethasone, and IBMX, confluent NIH 3T3 cells
expressing Ala'%®17% NFATc4 exhibit characteristics of adipo-
cytes.

Shiny vacuoles observed in Ala'®®'7° NFATc4 NIH 3T3
cells are indicative of accumulated lipid droplets. To determine
whether cells expressing Ala'®®'7° NFATc4 accumulate lipid,

we stained differentiated cells with Oil red O. Positive cells
were observed in the differentiated Ala'®®'7" NFATc4 NIH
3T3 cells (Fig. 5A). However, very few Oil-red-O-positive cells
were observed in the control or the wild-type NFATc4 differ-
entiated cells. The number of Oil-red-O-positive cells was in-
creased in Ala'®®'7° NFATc4 NIH 3T3 cells compared to
control or wild-type NFATc4 cells (Fig. 5B). Together, these
data indicate that expression of Ala'®®!”° NFATc4 in NIH 3T3
cells promotes adipocyte formation.

The induction of specific genes is required during adipocyte
differentiation (17, 39, 49). Previous studies demonstrated that
expression levels of caveolin-1 and FAS were increased upon
adipocyte differentiation (42, 45, 48, 50). Expression of caveo-
lin-1 and FAS facilitates lipid accumulation in differentiating
adipocytes. We performed semiquantitative RT-PCR to exam-
ine the expression levels of caveolin-1 and FAS in differenti-
ated Ala'®®'"® NFATc4 cells (Fig. 5C). The expression of
caveolin-1 and FAS was similar in control cells and in cells
constitutively expressing wild-type NFATc4. However, caveo-
lin-1 and FAS expression was increased in cells expressing
Ala'®%'79 NFATc4. As a control, GAPDH expression was sim-
ilar in all three stably transfected cells. These data further
confirm adipogenic characteristics in cells expressing Ala'®%17°
NFATc4.

We also infected parental NIH 3T3 cells with AAV express-
ing EGFP, wild-type NFATc4, or the NFATc4 Ala®®'7° mu-
tant (Fig. 5D). Infected cells were cultured to confluence and
subjected to adipocyte differentiation. Accumulations of shiny
vacuoles were found in infected cells expressing Ala'®%!70
NFATc4. Viral infection to express EGFP or wild-type
NFATc4 did not promote adipocyte formation. These data
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FIG. 5. NIH 3T3 cells stably expressing Ala'®'7® NFATc4 exhibit adipocyte formation. (A and B) Expression vectors for wild-type and
Ala'®®179 NFATc4 were transfected into NIH 3T3 cells. An empty vector was also transfected as a control. G418-resistant cells were pooled, from
two rounds of transfections, after 3 weeks of antibiotic selection. The images of representative undifferentiated cells are illustrated (top row, panel
A). Confluent NIH 3T3 cells were cultured in media containing insulin, dexamethasone, and IBMX to promote adipocyte differentiation. The
morphologies of differentiated cells, cultured for 6 days in differentiation media, were examined under light microscopy (middle row, panel A).
Cells with shiny vacuoles are indicated (arrowheads). The accumulation of oil droplets was detected by Oil red O stain (bottom row, panel A). The
number of Oil-red-O-stained cells was observed under a light microscope (30 fields) and presented (B). The effect of p38 MAP kinase inhibitor
SB203580 on adipocyte differentiation was also examined (B). The expression of NFATc4 proteins was detected by M2 monoclonal antibody (A).
(C) Total RNA was harvested from differentiated NIH 3T3 cells, and semiquantitative RT-PCR was performed to determine the expression levels
of FAS and caveolin-1. The expression of GAPDH was used as a control. (D) NIH 3T3 cells were infected with AAV expressing EGFP, wild-type
NFATCc4, and Ala'®*!7" NFATc4. Infected cells were cultured to confluence and subjected to differentiation. The morphologies of differentiated
cells, after culture for 6 days in differentiation media, were examined under light microscopy.
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FIG. 6. Expression of Ala'®®*'7" NFATc4 increases PPARY2 promoter activity. (A) Schematic representation of the PPARy2 gene promoter.
Two putative NFAT binding sites (proximal and distal) are also indicated. (B) Promoterless (pGL3) and PPARy2 (PPAR~Y2) promoter luciferase
plasmids were cotransfected with expression vector for wild-type or Ala'®*'7® NFATc4 into NIH 3T3 cells. Cells were harvested 36 h after
transfection. The transfection efficiency was monitored by measurement of B-galactosidase activity. P was <0.001 for comparison with the basal
activity of the PPAR~y2 gene promoter. (C) Schematic representation of the deletion and mutational constructs of the PPARy2 gene promoter.
The mutation of the proximal NFAT binding element is indicated (X). (D) Deletion and mutational analysis of the PPARYy2 promoter. PPAR~y2
(=1 to —273), PPARYy2 (—1 to —273, with the proximal NFAT site mutated), and PPARy2 (—1 to —183) promoter luciferase plasmids were
cotransfected with Ala'®*179 NFATc4. The cells were harvested 36 h after transfection. The transfection efficiency was monitored by measurement
of B-galactosidase activity. P was <0.001 for comparison with the Ala'®'7® NFATc4-mediated transcription activity from the PPARY2 (—1 to
—273, with the proximal NFAT site mutated) or the PPARy2 (—1 to —183) promoters.

further support that the expression of Ala'®®'”° NFATc4 pro-
motes adipocyte formation.

Previous studies demonstrated that the p38 MAP kinase
inhibitor SB203580 blocks adipocyte differentiation (23, 24).
Since p38 MAP kinases phosphorylated NFATc4, we tested
whether SB203580 affects adipocyte differentiation in cells ex-
pressing Ala'®®'7® NFATc4. Administration of SB203580 in
differentiation media inhibited adipocyte formation (Fig. 5B).
These data indicate that the pyridinyl imidazole drug
SB203580 strongly inhibits adipocyte differentiation. In addi-
tion, these data indicate that NFATc4 is not the only step
dependent on p38 MAP kinases during adipocyte differentia-
tion.

Expression of Ala'®®'7® NFATc4 increases PPARY2 pro-
moter activity. Induction of adipocyte formation in NIH 3T3
cells by Ala'®®'7% NFATc4, but not by wild-type NFATc4,
suggests that increased NFAT nuclear localization and subse-
quent transcriptional activity are critical for adipogenesis. Pre-
vious studies indicated that the transcription factor PPARYy is
induced as an early event in adipogenesis (55). Importantly,

overexpression of PPAR+y in NIH 3T3 cells promotes adipo-
cyte differentiation (51). These data indicate that the level of
PPARY gene expression is important to determine adipocyte
formation. Since the pharmacological inhibitor CsA effectively
blocks adipocyte differentiation only at the early stage of dif-
ferentiation (32), we tested whether NFATc4 regulates
PPARYy promoter activity. A fragment of the PPAR~y2 gene
promoter was cloned into a promoterless luciferase reporter
plasmid (Fig. 6A) and transfected into NIH 3T3 cells. Coex-
pression of Ala'®®!7" NFATc4 increased PPARY2 promoter
reporter activity (Fig. 6B). However, coexpression of wild-type
NFATCc4 did not increase the PPARY2 promoter reporter ac-
tivity. As a control, coexpression of wild-type or Ala'®%!7°
NFATCc4 did not increase the promoterless reporter activity.
These data indicate that constitutive nuclear NFAT increases
PPARY2 gene promoter activity.

Sequence comparisons indicate that two putative NFAT
binding sites (proximal and distal) are located in the human
PPARY2 gene promoter (Fig. 6A). Similar sequences encom-
passing these two putative NFAT binding elements are also
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FIG. 7. NFATc4 binds to the PPAR«y2 promoter on two distinct sites. (A) Sequence comparison of the two putative NFAT elements (proximal
and distal) found on the PPARy2 promoter with the canonical NFAT binding motif located on the IL-2 gene. The NFAT binding element
(5'-GGAAAA-3') is aligned. Adjacent conserved nucleotides are also indicated. (B) NFATc4 binds to the proximal and the distal NFAT elements
of the PPAR~y2 gene promoter. Flag epitope-tagged NFATc4 proteins were expressed in COS cells and nuclear extracts were prepared for gel
mobility shift assays. Oligonucleotides encoding the canonical NFAT binding site from the IL-2 gene promoter (IL-2) were labeled with
[«-*?P]dCTP and used as a probe (left). NFATc4-DNA complexes (filled arrowheads) were competed with unlabeled (1, 5, and 10 pmol) proximal
and distal NFAT elements of the PPARy2 gene promoter. The formation of NFATc4-DNA complexes with labeled proximal and distal NFAT
elements of the PPARYy2 gene promoter is also shown (middle and right). The specificity of the NFATc4-DNA complex was examined by
competition by using unlabeled (1, 5, and 10 pmol) NFAT element from the IL-2 gene. (C) Distinct protein complex binds to the proximal and
the distal NFAT sites of the PPARY2 gene promoter. NFATc4-DNA complexes (filled arrowheads) from the NFAT binding sites of the IL-2 and
the PPAR«Y2 genes were supershifted with c-Jun or Flag antibody. Antibody supershifted complexes are indicated (open arrowheads). (D) Nuclear
extracts prepared from differentiated 3T3-L1 adipocytes form NFAT-DNA complexes on the proximal and the distal NFAT binding elements of
the PPARY2 gene. The specificity of the NFATc4-DNA complex (filled arrowheads) was examined by competition with unlabeled (10 pmol) NFAT
element from the IL-2 gene.

NFATc4 binds to the PPARy2 promoter on two distinct
sites. Induction of the PPARY2 gene transcription activity by
Ala'®®79 NFATc4 indicates that the two putative NFAT bind-

found in the mouse PPARY2 gene promoter (27). We gener-
ated PPAR«y2 promoter deletion mutants that encompassed
(or not) the putative proximal NFAT site (PPARYy2 —1 to

—273 and —1 to —183) (Fig. 6C). We also performed site-
directed mutagenesis to abolish the proximal NFAT binding
site on PPARY2 (—1 to —273) (Fig. 6C). Coexpression with
Ala'®®!'7° NFATc4 increased the PPARY2 (—1 to —273) gene
promoter activity (Fig. 6D). However, deletion or mutational
removal of the proximal NFAT site abolished the induction of
the PPARY2 gene promoter activity by Ala'®®'7® NFATc4.
These data further indicate that NFAT regulates the PPAR«y2
gene promoter.

ing elements are functional. Sequence analysis indicated that
the two putative NFAT binding sites have sequences matching
exactly to the core binding element found in the canonical
NFAT site of the IL-2 gene promoter (Fig. 7A). To test
whether these two putative NFAT binding sites interact with
NFAT, we performed gel mobility shift assays with Flag
epitope-tagged NFATc4. Specific NFAT-DNA complexes
were detected by using the canonical NFAT element from the
IL-2 gene as a probe (Fig. 7B). Competition analysis indicated
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that the proximal and the distal NFAT sites of the PPARY2
gene diminished formation of the IL-2 NFAT-DNA complex
in a dose-dependent manner. Conversely, the NFAT-DNA
complexes resulting from the proximal and the distal NFAT
sites of the PPAR«y2 gene were competed by the IL-2 NFAT
element. These data indicate that the two NFAT binding ele-
ments present on the PPARy2 gene promoter form NFAT-
DNA complexes.

Gel mobility shift analysis indicated that there were two
NFAT binding elements present in the PPARYy2 gene pro-
moter. However, the electrophoretic mobility of the NFAT-
DNA complexes was markedly different with the proximal and
the distal NFAT sites as probes (Fig. 7B). In addition, se-
quences surrounding the core NFAT binding element were
different (Fig. 7A). These observations suggest that the prox-
imal and the distal NFAT sites form different NFAT-DNA
complexes. Sequence comparisons indicate that the proximal,
but not the distal, NFAT sites have additional sequences that
resemble adjacent nucleotides present on the NFAT site of the
IL-2 gene (Fig. 7A). Previous studies indicated that members
of the transcription factor Fos and Jun families were part of
the complexes found in the NFAT element of the IL-2 gene
(36). Thus, we tested whether transcription factor c-Jun is
bound to the proximal NFAT site of the PPARy2 gene. Anti-
body supershift analysis indicated that administration of c-Jun
antibody abolished the formation of NFAT-DNA complexes
when the IL-2 gene NFAT site was used as a probe (Fig. 7C).
A partial elimination of the NFAT-DNA complex by the c-Jun
antibody was exhibited when the proximal PPARy2 NFAT site
was used as a probe. However, the presence of c-Jun antibody
did not affect NFAT-DNA complex formation when the distal
NFAT site was used as a probe. As a control, epitope-tagged
NFATCc4 present in the NFAT-DNA complexes was super-
shifted by Flag antibody (Fig. 7C). Together, these data indi-
cate that the proximal and the distal NFAT binding elements
form different nuclear complexes to regulate the PPARY2 gene
promoter activity.

We also performed gel mobility shift assays with nuclear
extracts prepared from differentiated adipocytes. Both proxi-
mal and distal NFAT binding elements form specific DNA-
protein complexes (Fig. 7D). Competition analysis with the
canonical NFAT element from the IL-2 gene further indicated
specificity of NFAT binding. These data confirm that the prox-
imal and the distal NFAT binding elements in the PPARY2
gene promoter are functional.

Expression of Ala'®®'7° NFATc4 in NIH 3T3 cells increases
PPARY2 gene expression. Previous studies indicated that over-
expression of PPAR'y induced adipocyte formation in NIH 3T3
cells (51). These data indicate that the expression of PPARy
positively regulates adipocyte differentiation. The presence of
two NFAT binding sites and the induction of the PPARY2
gene promoter activity suggest that PPARy gene expression is
altered in cells that constitutively express Ala'®®!7® NFATc4.
Increased PPARYy gene expression may, in part, account for
the induction of adipocyte formation in NIH 3T3 cells that
stably express Ala'®®'"° NFATc4 (Fig. 5). Expression of
PPAR+ was similar in control cells and in cells that constitu-
tively express wild-type NFATc4 (Fig. 8). However, expression
of Ala'®®17° NFATc4 increased PPARYy gene expression. As a
control, GAPDH expression was similar in all three stably
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FIG. 8. Expression of Ala'®®'" NFATc4 in NIH 3T3 cells in-
creases PPARy gene expression. Stably transfected confluent NIH 3T3
cells were cultured in differentiation media to promote adipocyte for-
mation. Total RNA was harvested, and expression of the PPAR~y and
GAPDH genes was examined by semiquantitative RT-PCR (A) and
measured by PhosphorImager analysis (B).

transfected cells. Together, these data indicate that increased
NFAT activity by mutation at the conserved Ser residues in-
duces PPAR«y gene expression and, in part, accounts for the
increase in adipocytes formation in NIH 3T3 cells.

DISCUSSION

Conserved NFAT phosphorylation sites. NFAT is a highly
phosphorylated protein in resting cells. Primary phosphoryla-
tion sites are located at the NH,-terminal NFAT homology
domain (4-6, 12-14, 46, 58). In this study, we demonstrate that
phosphorylation on the NFAT homology domain plays an im-
portant role in NFATc4 subcellular distribution. Importantly,
phosphorylation of the conserved Ser residues is shown to be
critical. The location of Ser'%%17? in NFATc4 is similar to those
of Ser!’? in NFATcl, Ser'®® in NFATc2, and Ser'®>!%5 in
NFATCc3. This report, in conjunction with previous studies (13,
14, 44, 46), demonstrates that these conserved Ser residues are
phosphorylated in vivo. The presence of conserved Ser phos-
phorylation suggests a common regulatory mechanism to acti-
vate or inhibit NFAT function. NFAT has been shown to
interact with other phosphorylating kinases such as GSK3B
and CKla (6, 58). Under certain circumstances, both GSK3p
and CKla have been termed hierarchical protein kinases as
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phosphorylation of their target sites requires prior phosphor-
ylation by other protein kinases at a residue in the vicinity.
Conserved phosphorylation at Ser'®%'7° of NFATc4, Ser!63-163
of NFATCc3, Ser'®® of NFATc2, and Ser'”? of NFATcl may
facilitate subsequent phosphorylation at the Ser-rich domain
mediated by GSK3B and CKla. Hence, Ser'%®!'7? of NFATc4,
Ser'®*105 of NFATc3, Ser'®® of NFATc2, and Ser!’? of
NFATCc1 may be switches that initiate the phosphorylation and
subsequent inactivation of NFAT function.

Conversely, these conserved Ser residues may be the pri-
mary targets of the calcineurin phosphatase. This report, to-
gether with previous studies (13, 14, 44, 46), indicates that
mutational replacement of these conserved Ser residues with
Ala promotes nuclear localization of NFAT. Further muta-
tional replacement of other Ser residues in the SRR with Ala
enhances NFAT nuclear localization (5, 44). These observa-
tions suggest that phosphorylation at Ser'®®'7° of NFATc4,
Ser!®315 of NFATc3, Ser'®® of NFATc2, and Ser'’? of
NFATc1 is the primary target for calcineurin-mediated de-
phosphorylation and subsequent activation.

Besides the presence of conserved Ser residues in the SRR,
there are other Ser residues in the NFAT homology domain
that are phosphorylated by other kinases. For example, PKA
phosphorylates Ser*® of NFATc1 and Ser®®® of NFATc4 (6,
12). Sequence comparisons indicate that Ser*® of NFATcl
and Ser®®® of NFATc4 are located in analogous positions.
Similar Ser residues could be found in NFATc2 (Ser*®) and
NFATCc3 (Ser*’”). Phosphorylation at Ser*>> of NFATc2 and
Ser?”” of NFATc3 has not been demonstrated. However, it is
likely that these Ser residues are also targets of phosphoryla-
tion. Whether PKA or other protein kinases mediate the phos-
phorylation of Ser*> of NFATc2 and Ser?”” of NFATc3 re-
mains to be investigated. These observations further indicate
that there are functionally conserved Ser residues present in
the NH,-terminal homology domain to regulate NFAT activ-
ity.

Differential phosphorylation of NFAT by MAP kinases. In
this report, we show that NFATS are differentially phosphor-
ylated by MAP kinases. NFATcl and NFATc3 both contain
sequences for JNK binding and are phosphorylated by JNK
(13, 14). However, similar interaction of NFATc2 and NFATc4
with JNK was not detected (data not shown). Since interaction
has been implicated as a prerequisite for subsequent JNK
phosphorylation, the lack of binding suggests that NFATc2 and
NFATc4 are not JNK substrates. Indeed, we show that
NFATCc4 is poorly phosphorylated by JNK in vitro. Interest-
ingly, the p38 MAP kinase phosphorylates NFATc4, but not
NFATCc3, in vitro. Differential phosphorylation of NFAT by
the JNK and the p38 MAP kinases suggests that these kinases
are critical for NFAT regulation. Importantly, conserved Ser
residues of NFAT (Ser'®®!'7® of NFATc4, Ser!6*'%5 of
NFATCc3, and Ser'”* of NFATCc1) are targets of JNK and p38
MAP kinase phosphorylation.

Homozygous disruption of the JNKI1 gene increases IL-4
expression and promotes T2 cell differentiation (13, 21). In-
duction of IL-4 expression is, in part, due to increased NFATc1
nuclear localization. Thus, JNK1 negatively regulates NFATc1
activity. The present study indicates that NFATc4 is a substrate
for p38 MAP kinases. Targeted disruption of the p38 MAP
kinase gene may cause similar increases in the nuclear local-
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ization of NFATc4. Nuclear NFATc4 may then induce NFAT
target genes and promote cell growth and differentiation.

Three distinct MAP kinase pathways (ERK, JNK, and p38)
have been identified (reviewed in references 16 and 20). The
JNK and the p38 MAP kinase pathways are frequently associ-
ated with stress activation (e.g., UV irradiation and cytokine
stimulation). On the other hand, the ERK MAP kinase path-
way is regulated by growth factors and mitogens. Thus, the
JNK and the p38 MAP kinase pathways are distinct from the
ERK MAP kinase pathway. In this report, we show that the
JNK and the p38 MAP kinases differentially phosphorylate
NFATc3 and NFATc4, respectively. However, the ERK MAP
kinase phosphorylates both NFATc3 and NFATc4. These re-
sults suggest that although the JNK and the p38 MAP kinase
pathways differentially regulate NFAT members, a common
signal may be derived from the ERK MAP kinase pathway to
regulate general NFAT activity. Differential phosphorylation
by the JNK and the p38 MAP kinases may achieve specific
negative regulation of particular NFAT members in different
cell types. On the contrary, the ERK phosphorylation may
provide a general signal, positively and/or negatively, to regu-
late NFAT activity. A goal for further research will be to
identify the ERK phosphorylation sites on NFAT to further
delineate molecular mechanisms of NFAT regulation.

Phosphorylation cycle of NFAT. NFAT is phosphorylated
under basal, unstimulated conditions. Dephosphorylation is
mediated by the calcineurin phosphatase, which promotes nu-
clear translocation and subsequent transcriptional activation of
NFAT. Rephosphorylation of the dephosphorylated NFAT
terminates NFAT activation. Thus, NFAT phosphorylation is a
reversible event. Whether the kinases that phosphorylate
NFAT under the basal state conditions are similar to the ki-
nases that mediate rephosphorylation remains to be deter-
mined. In this report, we show that p38 MAP kinases phos-
phorylate NFATc4. Under the basal state conditions, the
activated p38 MAP kinases only slightly affect NFATc4 phos-
phorylation. However, activation of the p38 MAP kinases dra-
matically affects the dephosphorylated NFATc4. These data
suggest that the p38 MAP kinases are more likely to mediate
rephosphorylation of NFATc4.

Upon UV irradiation, the dramatic decrease in electro-
phoretic mobility of the dephosphorylated NFATc4 suggests
that multiple rephosphorylations have occurred. The p38 MAP
kinases phosphorylate Ser'®®!'”” and potentially a few other
Ser-Pro motifs of NFATc4. Phosphorylation by the p38 MAP
kinases at these Ser-Pro motifs would not make up for the
dramatic decrease in NFATc4 electrophoretic mobility. Thus,
additional rephosphorylation events mediated by other protein
kinases are likely to account for the dramatic change in elec-
trophoretic mobility. These additional kinases may include
GSK3p, CKla, or unidentified protein kinases.

The dramatic decrease in the electrophoretic mobility of
NFATc4 upon UV irradiation is blocked by coexpression of
the dominant-negative p38a or mutational replacement of
Ser'®%17% with Ala. These observations suggest that the p38
MAP kinases are required to initiate the rephosphorylation of
NFATCc4. In addition, the initiation of rephosphorylation re-
quires intact phosphorylation sites at Ser'®®'7°. These data
support the hypothesis that phosphorylation at the conserved
Ser residues (Ser'®®'7® of NFATc4 and similar Ser residues in
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other NFAT members) is a switch that initiates NFAT inacti-
vation. Together, we propose the following model for NFATc4
rephosphorylation. The p38 MAP kinases phosphorylate
Ser'®®17% of the dephosphorylated NFATc4. This phosphory-
lation event is likely to take place in the nucleus, where de-
phosphorylated NFATc4 is located. Ser'®®!7°-phosphorylated
NFATc4 may remain active and mediate transcriptional acti-
vation until additional kinases (e.g., GSK38, CKla, or uniden-
tified kinases) bind to and complete the rephosphorylation of
NFATCc4. Rephosphorylated NFATc4 is exported out of the
nucleus, and NFATc4-mediated transcription is terminated.

Role of NFAT in adipocyte differentiation. Previous studies
indicated that treatment with CsA effectively blocked adipo-
cyte differentiation (32). Presumably, CsA inhibits calcineurin
phosphatase activity and, as a consequence, NFAT activation is
attenuated. However, CsA has been shown to increase trans-
forming growth factor B production (35), which negatively
regulates adipocyte differentiation (52). Thus, whether the
CsA-NFAT pathway has a direct effect on adipogenesis is
unclear. On the contrary, another report indicated that CsA
did not affect adipogenesis (57). In this report, we show that
expression of Ala'®®'7* NFATc4 promotes adipocyte forma-
tion under differentiation conditions. These observations indi-
cate that increased NFAT-dependent transcriptional activity,
as a consequence of increased nuclear localization, has a direct
role in adipocyte formation.

Effective inhibition of adipogenesis by CsA requires early
intervention during differentiation (32). These observations
suggest that NFAT is critical in the initiation stage of adipocyte
differentiation. NFAT may act as an activator and regulate
certain gene expression that is required for adipocyte differ-
entiation. In this report, we show that NFAT increases PPARYy
gene expression. Increased expression of PPAR+y may then
commit cells to initiate adipogenesis. Interestingly, PPARYy
expression is also upregulated by the transcription factor
C/EBP (55). Whether both NFAT and C/EBP, or other factors,
are required for optimal expression of PPARy remains to be
investigated. Nonetheless, the regulation of the PPAR<y gene
expression by multiple transcription factors suggests that the
expression of PPARYy is critical for the initiation of adipocyte
differentiation. Thus, multiple transcription complexes relay
different signals, in parallel or in synergy, to the PPARy gene
promoter to set off adipogenesis.

The presence of two distinct NFAT complexes in the
PPARY gene promoter suggests that NFAT conveys different
signals to promote adipogenesis. Previous studies indicated
that NFAT interacted with multiple nuclear factors to activate
gene transcription. For example, NFAT interacts with Fos-Jun
complexes to mediate IL-2 gene expression (36). In addition,
NFAT interacts with transcription factor MEF2 to determine
muscle differentiation (7, 10). Besides acting as a transcrip-
tional activator, NFAT has been shown to bind to DNase I
hypersensitive sites on the IL-4-IL-13 gene locus (1, 2). DNase
I hypersensitive sites are indicative of chromatin remodeling.
The presence of binding elements in the DNase I hypersensi-
tive sites suggests that NFAT participates in the opening of the
chromatin structure on specific gene loci upon activation.
Transcriptional activation and chromatin remodeling are likely
events during initiation of adipogenesis. Thus, increased
NFAT nuclear localization may promote the opening in the
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condensed chromatin and/or activation of the PPARvy gene
promoter through the two distinct NFAT complexes.

In summary, differential phosphorylation of the conserved
Ser residues on NFAT by MAP kinases provides new insights
to understand NFAT regulations. Future investigations with
phosphorylation defective NFAT proteins will provide addi-
tional avenues to investigate the biological roles of NFAT.
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